Porcine circovirus types 1 (PCV1) and 2 (PCV2) have been associated with congenital tremors (CTs) in piglets in the United States. In this study, central nervous system and nonneural tissues of 40 CT piglets from Spain, the United Kingdom, Ireland, and Sweden were investigated for the presence of PCV1 and PCV2 using in situ hybridization and immunohistochemical labeling on paraffin sections. The polymerase chain reaction for PCV2 was also carried out on sera from the Spanish CT cases. No evidence of circovirus nucleic acid or antigen was found in any CT piglet. Although these results do not support the hypothesis that PCV1 or PCV2 are linked to porcine CT, they cannot disprove it.
The Circoviridae are a family of small, nonenveloped animal viruses characterized by a single-stranded circular DNA genome of 1.76 to 2.31 kb. 25 Members of this family include porcine circovirus (PCV) types 1 and 2, beak and feather disease virus, and chicken anemia virus. Porcine circovirus type 1 (PCV1) was originally identified as a contaminant of a continuous pig kidney cell line. 24 Although PCV1 has been isolated from stillborn piglets in Northern Ireland, 1 it is generally believed to be nonpathogenic. In contrast, porcine circovirus type 2 (PCV2) has recently been identified as the primary cause of postweaning multisystemic wasting syndrome (PMWS). 2, 11, 12 It has also been associated with several other syndromes in pigs including respiratory disease complex, 7 sow abortion and infertility, 16, 26 porcine dermatitis and nephropathy syndrome, 16, 20 and congenital tremors. 23 However, its role in the pathogenesis of these conditions remains to be evaluated.
Genomic analysis of PCV2 has revealed less than 80% nucleotide sequence homology with the apparently nonpathogenic PCV1. In contrast, there is more than 94% sequence homology among the geographically distinct PCV2 isolates so far sequenced. 17 These genomic differences are reflected in major antigenic distinctions between these 2 viruses.
Congenital tremors in piglets comprise clonic con- tractions of skeletal muscles that usually resolve by 5 weeks of age but can occasionally persist until slaughter age. Up to 100% prevalence and 50% mortality have been reported on affected farms. The clinical signs of CT are associated with variable degrees of hypomyelinogenesis of the brain or spinal cord. 5 Cases in which histologic lesions are visible are classified as type A, whereas those in which no lesions are apparent are referred to as type B. 6 Possible causes include hog cholera virus (type A1), pseudorabies virus (PrV) 13 or unknown viral infection (type A2), and sex-linked (type A3) or autosomal-linked (type A4) recessive genes, and trichlorfon toxicosis (type A5). Type A2 is the most common form of CT in most pig-producing countries and affects both sexes and all breeds.
Porcine circovirus infection has been detected in tissues of CT pigs from the midwestern United States. 8, 9, 23 In the most recent of these investigations, PCV infection was identified in cells of the central nervous system (CNS) and nonneural tissues of CT and clinically normal piglets. 23 Polymerase chain reaction (PCR) analysis demonstrated amplification of PCV2-specific sequences in these animals. The aim of this study was to investigate the presence or absence of PCV infection in CT piglets in Europe.
Materials and methods
Study design. Tissues from archival and contemporary cases of CT, collected between 1992 and 2002, from Spain, the United Kingdom, Ireland and Sweden (Table 1) were examined by histopathology, and immunohistochemical (IHC) labeling, in situ hybridization (ISH) and virus isolation for PCV2 and PCV1. Virus isolation and immunofluorescent labeling was also carried out on tissues from 3 of the Irish cases and the PCR for PCV2 was performed on sera from 13 of the Spanish CT cases.
The Spanish cases comprised 15 piglets, 1-7 days of age, from outbreaks of CT in central (4 cases from 1 farm), north- (7), Essex (1), Devon (1), northern Scotland (1), and central Scotland (1) . Outbreaks lasted up to 8 mo and occurred in commercial hybrid pig herds, mainly involving litters from gilts. Within litters, 80%-100% of piglets were affected, but mortality rates were low except in 1 herd in which it was 50%. Organophosphate administration was not reported on any of the farms. Seroconversion to bovine virus diarrhea virus (BVDV) was detected in sera of sows in 1 of these herds. Tissues from 9 piglets, 3-4 days old, from an outbreak of CT in Ireland were also examined. This outbreak occurred on a minimal disease herd from February to June 2002 and followed a major outbreak of PMWS in weaned and fattening piglets on that farm in late 2001. Piglets with CT and maternal sera from this farm were negative for antibodies to PrV, classical swine fever, and porcine reproductive and respiratory syndrome viruses using standard serological techniques (data not shown).
Histopathology and immunohistochemistry. At postmortem examination, tissues from CT piglets ( Table 1) were collected and fixed in 10% buffered formalin. These tissues were dehydrated through graded alcohols, embedded in paraffin, sectioned, and stained with hematoxylin and eosin by routine methods. Cerebrum, thalamus, midbrain, pons, medulla, cerebellum, and cervical, thoracic, and lumbar spinal cord sections were examined from most pigs. Selected sections were also stained with luxol fast blue for myelin. For IHC, sections were cut onto slides treated with 3-aminopropyltriethoxysilane, baked at 60 C for 30 min, dewaxed in xylene, and rehydrated through a graded series of alcohols.
Immunohistochemical labeling for PCV2 antigen was carried out on sections of CNS and nonneural tissues of the CT cases from the United Kingdom, Ireland, and Sweden using a modification of a published technique. 11 In this modified method, a monoclonal antibody to PCV2 2 was used as primary antibody and the secondary antibody was a goat antimouse antiserum. a Lymph node sections from a pig that had been infected experimentally with PCV2 11 were used as a positive control.
Immunohistochemical labeling for PCV2 was carried out on sections of CNS and nonneural tissues from the Spanish CT cases using a rabbit polyclonal antibody. 22 Tissue sections from a Spanish case of PMWS were used as a positive control. 21 Immunohistochemical labeling for PrV was done on brain sections from all CT cases. A polyclonal antiserum to PrV was used in this method. 10 Brain sections from a case of pseudorabies from Northern Ireland were used as positive controls. Immunohistochemical labeling of CNS tissue sections, using a monoclonal antibody to BVDV b was done on the 2 United Kingdom CT piglets from a herd in which sows showed evidence of seroconversion to BVDV.
In situ hybridization. Two digoxigenin-labeled PCR probes were used for the detection of PCV2 or PCV1 nucleic acid in tissue sections of all CT cases by ISH. Both probes were synthesized using a PCR digoxigenin probe synthesis kit c in accordance with the manufacturer's instructions. A DNA extract of the reference Canadian PCV2 cell culture isolate and the persistently infected PCV1 cell line PK15W were used as the source of target DNAs for PCR amplification. 16 The digoxigenin-labeled PCR probe for PCV2 encompassed the 481-bp fragment, amplified using the PCV2specific primers PCV2 F 5Ј-CGGATATTGTAGTCCTGGT-CG-3Ј and PCV2 R 5Ј-ACTGTCAAGGCTACCACAGT-CA-3Ј. 4 This probe maps to the open reading frame (ORF)2 region of the PCV2 genome and can be considered as a PCV2 ORF2-specific probe. The digoxigenin-labeled PCR probe for PCV1 encompassed the 248-bp fragment amplified using the primers PCV1 F: 5Ј-GCGCCATCTGTAACGGTT-TC-3Ј and PCV1 R: 5Ј-TCCAAACCTTCCTCTCCGC-3Ј. This probe maps to the stem-loop region of the PCV1 genome and encompasses a region common to both the PCV1 ORF1 and ORF2 genes. After PCR amplification, the digoxigenin-labeled probes were quantified by agarose gel electrophoresis and diluted to a concentration of 10-20 ng/l before use in ISH. In situ hybridization was done as described 14 except that, after hybridization, sections were incubated in a peroxidase-conjugated sheep anti-digoxigenin antibody d (1:200 dilution) for 1 hr at 37 C and washed in maleic buffer followed by Tris-buffered saline (5 mM, pH 7.6) for 10 min before incubation with diaminobenzidine tetrahydrochloride as described. 14 Lymph node sections from a pig that had been infected experimentally with PCV2 11 and acetone-fixed coverslip preparations of a PCV1 cell culture were used as positive controls for PCV1 and PCV2 ISH.
In situ hybridization was also carried out on all Spanish and United Kingdom CT cases using 2 PCV2-specific, single-stranded, 40-and 41-base, oligonucleotide DNA probes, end-labeled with digoxigenin in a previously described method. 20 The sequence of 1 probe was 5Ј-CAGTAAATAC-GACCAGGACTACAATATCCGTGTAACCATG-3Ј that maps to the ORF2 region of the PCV2 genome, 19 whereas that of the second was 5Ј-CCTTCCTCATTACCCTCCTC-GCCAACAATAAAATAATCAAA-3Ј (ORF1). Sections from a Spanish case of PMWS were used as a positive control. 21 Virus isolation and immunolabeling of cryostat sections. Samples of brain, liver, lung, spleen, and mesenteric lymph node were collected at necropsy of 3 of the CT cases from Ireland (case numbers 02-2870A, B, and C) and processed for PCV isolation and immunofluorescent labeling of frozen sections. 3 Virus isolation procedures were carried out in PCV-free glucosamine-treated cells. Samples were deemed negative if PCV1 or PCV2 was not detected by immunofluorescence after 4 passages in these cells. Immunolabeling of acetone-fixed frozen sections was carried out as described, 3 except that PCV1-and PCV2-specific monoclonal antibodies 15 and a hyperimmune rabbit antiserum to PCV2 16 were used as primary antibodies.
PCR analysis. PCR analysis for PCV1 and PCV2 was carried out on serum from 13 of the 15 Spanish CT cases investigated using a reported method. 18
Results
All the piglets investigated had moderate to severe clinical signs of CT. These comprised trembling of the head and limbs that was most severe when the piglets were disturbed. At necropsy, 4 of the CT cases from Ireland had mild to moderate mesocolonic edema, but no macroscopic changes were seen in any of the other piglets. On microscopic examination, mild to moderate spinal hypomyelination was detected in 32 piglets (Table 1). Neither PCV1 nor PCV2 nucleic acid was detected in any tissue of any CT pig by ISH. No PCV1 or PCV2 antigen was detected in frozen sections of tissues from the 3 CT cases from Ireland, and virus isolation procedures were negative. Immunohistochemical labeling for PCV2 and PrV was also negative on all cases, and no evidence of BVDV antigen was detected in tissues of the 2 United Kingdom piglets from a herd in which sows had seroconverted to this virus. No PCV nucleic acid was detected by PCR in sera from 13 of the Spanish cases tested. The PCV1 and PCV2 PCR digoxigenin-labeled probes hybridized with the control lymph node sections from a PCV2infected pig. The PCV1 probe also hybridized with acetone-fixed coverslip preparations of a PCV1 cell culture. All other ISH, IHC, and PCR control materials were positive.
Discussion
Congenital tremor is a clinical condition of newborn piglets characterized by clonic tremors of the head and limbs. It has been proposed that those forms of CT associated with morphologic lesions be classified as type A, whereas those in which no lesions are apparent be referred to as type B. 5 On this basis, 4 Spanish, 3 Irish, and 1 Swedish CT cases should be classified as type B, and the others as type A. The absence of classical swine fever in the United Kingdom (apart from a limited outbreak in 2000 that was geographically removed from the region in which the UK CT cases originated), Spain, Sweden, or Ireland at the time of these CT outbreaks excludes a diagnosis of CT type A1. Furthermore, involvement of male and female piglets, absence of British Saddleback parentage, and lack of prenatal exposure to organophosphates, excludes CT types A3, A4, and A5, respectively. Therefore, the cases with morphologic lesions in this study may be classified as CT type A2.
Several reports from the midwestern United States during the past 3 decades have linked PCV to CT in piglets. In 1972, an unidentified 20-nm cuboidal virus was detected in filtrates of primary kidney cell cultures derived from neonatal piglets that had CT type A2. 9 Inoculation of pregnant sows with kidney cell culture supernatant containing this virus resulted in the births of piglets with CT. In recent retrospective studies, this virus has been identified as a PCV. 23 Other workers have isolated a circovirus in primary kidney cell cultures from a pig with CT type A2. 8 Inoculation of sows with this purified virus, during the last trimester of pregnancy, also resulted in the birth of piglets with CT. Although PCV was reisolated from intestinal tissues of these CT piglets, it was not recovered from nervous tissues.
Recently PCV was demonstrated for the first time in the CNS of pigs with CT. 23 Using ISH and indirect immunofluorescent antibody testing, these workers reported PCV in many large neurons, fewer small neurons, and rare oligodendrocytes in brain and spinal cord of 13 CT piglets from 4 farms in the midwestern United States. Porcine circovirus was also identified in macrophages in nonneural tissues from these animals. This virus was most likely PCV2 because PCR analysis of brain and liver resulted in amplification of PCV2-specific, but not PCV1-specific, nucleotide sequences, and PCV2 was isolated from spinal cord of several animals. These authors postulated that PCV infection, with or without dysmyelinogenesis, could account for the clinical signs of CT type A2. However, the identification of PCV in CNS and nonneural tissues of age-matched, clinically normal piglets from the same farms precludes any conclusions on a possible role for this virus in the pathogenesis of CT. Although referred to as CT type A2, no morphologic lesions were seen in the cases investigated, and they would therefore be more appropriately classified as type B. 6 However, in our experience the degree of hypomyelinogenesis in CT is variable and the original distinction between types A and B, based on the presence or absence of detectable lesions, is subjective and unrelated to etiology. The assignment of CT cases as types A or B is therefore of little practical value.
In this study of 40 cases of CT types A2 and B from multiple farms in 4 European countries, no evidence of PCV nucleic acid or antigen was found in CNS or nonneural tissues by ISH and IHC, respectively. Furthermore, virus isolation attempts on 3 pigs were negative, and no PCV nucleotide sequences were amplified from sera of 13 of the Spanish cases. The 4 different gene probes used for ISH in this study are known to hybridize with PCV1, PCV2, or both, whereas the IHC methods used are specific for PCV2. In a recent report, 23 PCV was most consistently detected in the cerebral and medullary nuclei, cerebellar Purkinje cells and lower motor neurons. Liver, lung, lymph node, spleen tissues were also PCV-positive. These CNS regions and nonneural tissues were consistently negative in this investigation. These results support those of another group in the midwestern United States who failed to detect PCV infection in tissues of CT piglets (S. Sorden and P. Halbur, personal communication).
The divergence between the current findings and those in a recent report 23 is difficult to explain. There is more than 94% sequence homology among all PCV2 isolates so far sequenced 17 and the PCV2 digoxigenin-labeled PCR genomic probes used in this investigation are known to hybridize with all these isolates. The PCV2 digoxigenin-labeled PCR probe was designed against the most sequence divergent ORF in the PCV1 and PCV2 genomes. Cross-reactivity of this probe with PCV1 is therefore considered minimal. In contrast, the PCV1 digoxigenin-labeled PCR probe encompasses conserved regions present in both the PCV1 and PCV2 genomes. Cross-hybridization with PCV2 would therefore be expected and was confirmed by the positive results obtained with this PCV1 probe on tissue sections from a PCV2-infected pig. Although possible, it is unlikely that the reagents and procedures used in this investigation are less sensitive than those used by others 23 to detect PCV infection in piglets with CT. However, infection of the CT piglets investigated by these other workers 23 with a novel PCV, undetectable by the antibodies or genomic probes used in the current study, cannot be discounted. Nucleotide sequencing of the PCV associated with the US cases of CT, 8, 9, 23 and comparison with known PCV2 and PCV1 sequences, would help to address this issue. There is also a hypothetical possibility of early prenatal PCV infection, followed by viral clearance in the pigs that were examined. It is therefore impossible to exclude an etiologic role for PCV in CT on the basis of the current results. However, these findings provide no support for the hypothesis that PCV1 or PCV2 are causes of porcine CT. 
